Sertraline, a selective serotonin reuptake inhibitor, has been used for the treatment of depression. Although it is generally considered safe, cases of sertraline-associated liver injury have been documented; however, the possible mechanism of sertraline-associated hepatotoxicity is entirely unknown. Here, we report that mitochondrial impairment may play an important role in liver injury induced by sertraline. In mitochondria isolated from rat liver, sertraline uncoupled mitochondrial oxidative phosphorylation and inhibited the activities of oxidative phosphorylation complexes I and V. Additionally, sertraline induced Ca 21 -mediated mitochondrial permeability transition (MPT), and the induction was prevented by bongkrekic acid (BA), a specific MPT inhibitor targeting adenine nucleotide translocator (ANT), implying that the MPT induction is mediated by ANT. In freshly isolated rat primary hepatocytes, sertraline rapidly depleted cellular adenosine triphosphate (ATP) and subsequently induced lactate dehydrogenase leakage; both were attenuated by BA. Our results, including ATP depletion, induction of MPT, inhibition of mitochondrial respiration complexes, and uncoupling oxidative phosphorylation, indicate that sertralineassociated liver toxicity is possibly via mitochondrial dysfunction.
Sertraline (1S,4S-N-methyl-4-(3,4-dichlorophenyl)-1,2,3,4-tetrahydro-1-naphthylamine, Zoloft), a selective serotonin reuptake inhibitor (SSRI), is currently one of the most prescribed antidepressants in Europe and in the United States. It is also approved for the treatment of panic disorder, obsessive-compulsive disorder, and post-traumatic stress disorder (Davies and Kluwe, 1998; DeVane et al., 2002) .
Prior to the first SSRI, fluoxetine, launched in the market in 1988, tricyclic antidepressants and monoamine oxidase inhibitors were commonly used to treat depression. Compared with these classical antidepressants, SSRIs were thought to be less hepatotoxic (Biour et al., 1992) ; the hepatotoxicity incidence of SSRIs is from 1.28 to 3.62 cases per ''patientyear'' (Collados et al., 2010) .
Although adverse event reports of sertraline-associated toxicity are relatively rare, evidence from preclinical and clinical studies indicates that the use of sertraline is not without risk. In a preclinical study, liver was identified as the target organ in mice, rats, and dogs dosed orally with sertraline, and hepatomegaly, hepatocellular hypertrophy, increased serum transaminase activity, and proliferation of smooth endoplasmic reticulum were observed (Davies and Kluwe, 1998) . In a premarketing study, elevations in serum transaminase activities occurred in approximately 0.8% of study patients, and the enzyme levels increased from the first week to nine weeks of treatment and generally returned to normal value upon drug withdrawal (Zoloft, 1997) . Also, numerous clinical adverse events involving liver toxicity have been reported during sertraline therapy, two of which caused severe hepatitis (Collados et al., 2010; Collados Arroyo et al., 2008; FartouxHeymann et al., 2001; Hautekeete et al., 1998; Kim et al., 1999; Martínez Matos, 2002; Persky and Reinus, 2003; Verrico et al., 2000) . Extensive hepatocyte necrosis, with formation of bridges linking portal tracts together and to terminal hepatic venules, was found in one fatal case (Fartoux-Heymann et al., 2001) ; another case of severe hepatitis was due to a hypersensitivity reaction cholestasis that appeared 2 months after taking sertraline with a recovery time of 6 months (Galán Navarro, 2001) .
We have been studying liver toxicants using high-throughput assays and have applied the Cellular Systems Biology platform (http://www.cellumen.com/) to evaluate and identify the risks for about 200 FDA approved drugs (unpublished data) . This platform is designed to monitor the effects of test compounds on many cellular system responses known to be correlated with toxic challenge, such as oxidative stress, organelle dysfunction, stress pathway activation, damage to cytoskeletal integrity and the cell cycle, and DNA damage (Vernetti et al., 2008) . Using rat primary hepatocytes, sertraline was classified as a ''toxic'' compound based on changes of two toxicity indicators: decrease in cell viability and nuclear size (Supplementary file 1). An extensive literature search showed that the mechanism of sertraline-induced toxicity has been rarely documented and unclearly presented, prompting us to confirm further the data generated by the high-throughput assay and to investigate the possible mechanisms of sertraline-related hepatotoxicity. We, therefore, evaluated the toxic effects of sertraline in rat primary hepatocytes and performed a set of mitochondrial assays including oxygen consumption, mitochondrial membrane potential, and measurements of individual complex activities in isolated mitochondria. Data from our study indicate that sertraline disrupts liver mitochondria, and mitochondrial dysfunction may be the underlying mechanism that contributes to sertraline-associated liver toxicity.
MATERIALS AND METHODS
Chemicals and reagents. Sertraline, William's E medium, penicillin, streptomycin, bongkrekic acid (BA), cyclosporine A, hexokinase, glucose-6-phosphate dehydrogenase, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), linoleic acid-albumin, insulin, holo-transferrin bovine, dexamethasone, sodium selenous acid, dimethysulfoxide (DMSO), and Percoll were from Sigma-Aldrich (St Louis, MO). Atractyloside was purchased from Santa Cruz Biotechnology Inc. (Santa Cruz, CA). Fetal bovine serum (FBS) was from Atlanta Biologicals (Lawrenceville, GA). Nembutal was purchased from Lundbeck Inc. (Deerfield, IL).
Animal care. Male Sprague Dawley rats (6-8 weeks old) were obtained from the breeding colony of the FDA's National Center for Toxicological Research (NCTR). Rats were anesthetized by ip injection of 1.5 ml/kg of Nembutal containing 50 mg/ml of pentobarbital sodium prior to undergoing liver perfusion. All animals used in this study were handled in accordance with the ''Guide for the Care and Use of Laboratory Animals'' prepared by the National Institutes of Health, and the experimental procedures were approved by the NCTR Institutional Animal Care and Use Committee.
Rat primary hepatocyte isolation and cell culture. Rat primary hepatocytes were isolated by a two-stage collagenase perfusion process according to methods as previously described with some modifications (Guo et al., 2006a; Kreamer et al., 1986; Seglen, 1976) . Cell viability was determined with trypan blue exclusion using a hemocytometer. Isolated hepatocytes with a cell viability great than 90% were used for experiments. The isolated hepatocytes were suspended in William's E medium supplemented with 10% FBS, 10mM HEPES, 1% linoleic acid-albumin, 5 lg/ml insulin, 5 lg/ml holo-transferrin, 25nM dexamethasone, 5 ng/ml sodium selenous acid, 50 U/ml penicillin, and 50 lg/ml streptomycin and were seeded at a cell density of 2 3 10 4 per well in 100 ll media in 96-well plates that were precoated with 1 mg/ml bovine collagen I (PureCol, Advanced BioMatrix, San Diego, CA). Cells were cultured for 4-6 h prior to the treatment, allowing cell attachment. They were then treated with control DMSO or sertraline in DMSO at various concentrations up to 100lM and time periods specified in the serum-free medium. The final DMSO concentration in the medium was 0.1%. Cells were maintained at 37°C in a humidified atmosphere with 5% CO 2 .
Cellular adenosine triphosphate level measurement. Adenosine triphosphate (ATP) content was quantified using the CellTiter-Glo Luminescent Cell Viability Assay (Promega Corporation, Madison, WI) and measured with a Synergy 2 Multi-Mode Microplate Reader (BioTek, Winooski, VT). The cellular ATP content was calculated by comparing the luminescence of the treated cells with that of the DMSO controls.
Lactate dehydrogenase assay. Lactate dehydrogenase (LDH) release from cultured cells was used as a measure of cell death. LDH activity was measured in culture medium and whole cell lysates (Korzeniewski and Callewaert, 1983) .
In brief, after treatment, 10 ll medium (supernatant) was collected, and the cells remaining in each well were lysed with 10 ll of 10% Triton X-100. After 2-h incubation, 10 ll lysates were collected, and 240 ll reaction buffer (81mM Tris, 204mM NaCl, 0.2mM NADH, and 1.7mM monosodium pyruvate, pH 7.2) was added to 10 ll of both cell lysate and supernatant in clear 96-well plates. Absorption was measured at 340 nm for 5 min at 1-min intervals with a microplate reader (BioTek). The LDH release was calculated according the following formula: (%) ¼ (decrease in supernatant absorption/decrease in cell lysate absorption) * 100.
Rat liver mitochondria isolation. Rat liver mitochondrial fraction was prepared as described by Hogeboom et al. (1948) with some modifications. In brief, rat liver was washed with ice-cold PBS and minced in ice-cold buffer A (210mM mannitol, 70mM sucrose, 5mM HEPES, and 1.0mM ethylene glycol tetraacetic acid, pH 7.2) with the ratio of liver (w)/medium (w) being 1:9 and homogenized three times with a Potter homogenizer. The homogenates were centrifuged at 900 3 g for 10 min at 4°C to remove nuclear debris. The supernatant was then transferred to a fresh tube and centrifuged at 10,000 3 g for 10 min 4°C. The supernatant was decanted, and the pellet was then suspended in 20 ml of ice-cold buffer B (25mM potassium phosphate and 5mM MgCl 2 , pH 7.2) and centrifuged at 10,000 3 g for 10 min at 4°C. The resulting pellet was then resuspended in buffer B and centrifuged again at 10,000 3 g for 10 min at 4°C and the final mitochondrial pellet was resuspended in 1 ml buffer B. The protein concentration was determined by a bicinchoninic acid protein assay (Bio-Rad Life Science, Hercules, CA) with bovine serum albumin (BSA) as the standard. The final protein concentration of the mitochondrial suspension was adjusted to 1.0 mg/ml.
Measurement of oxygen consumption. Oxygen consumption of isolated liver mitochondria was measured polarographically with a Clark-type oxygen electrode (Hansatech Instruments Ltd., Norfolk, England) following the method described by Frezza et al. (2007) . For each reaction, mitochondria at a protein concentration of 1.0 mg/ml were used. To initiate basal activity of respiration (state 2), complex I substrate glutamate/malate (5mM of each) or complex II substrate succinate (5mM) was incubated with mitochondria. ADP (100lM) was added to stimulate state 3 respiration. Sertraline or DMSO was preincubated with mitochondria for 3 min before the addition of the respiratory substrate (the final concentration of DMSO was 0.1% in the reaction buffer). The respiration control ratio (RCR) was calculated as the ratio of oxygen uptake in state 3 (with ADP) to that in state 4 (without ADP). The ADP/O was calculated as the number of nanomoles of ADP phosphorylated by nanomole of oxygen atoms of oxygen consumed during ADP phosphorylation.
Measurement of individual mitochondrial complex activity. The activities of mitochondrial oxidative phosphorylation complexes were measured according to the methods described by Kirby et al. (2007) . All enzymatic assays were performed at room temperature in a final volume of 0.2 ml or 1 ml with a Synergy 2 Multi-Mode Microplate Reader (BioTek) or a Beckman DU640B spectrophotometer (Brea, CA). In this set of experiments, sertraline at the concentration specified or DMSO control was incubated with mitochondria for 5 min before analysis.
Complex I (NADH-ubiquinone oxidoreductase) activity was measured as the rate of NADH oxidation by recording a decrease in absorbance at 340 nm with 425 nm as the reference wavelength (e ¼ 6.81mM À1 cm
À1
) for 5 min at 30-s intervals. Mitochondria (25 lg of protein) were added to the 0.2 ml reaction mixture of 50mM potassium phosphate buffer (pH 7.4), 2mM potassium cyanide (KCN), 2.5 mg/ml BSA, 0.13mM NADH, 2 lg/ml antimycin A, and 65lM decylubiquinone. The reaction was performed in the presence and absence of 2 lg/ml rotenone because complex I activity is rotenone sensitive.
Complex II (succinate-ubiquinone oxidoreductase) activity was measured by recording a decrease in absorbance due to the reduction of 2,6-dichlorophenolindophenol (DCPIP) at 600 nm, with 750 nm as the reference wavelength (e ¼ 19.1mM À1 cm
). Mitochondria (10 lg of protein) were preincubated in 0.2 ml reaction mixture of 50mM potassium phosphate buffer (pH 7.4), 5mM MgCl 2 , and 20mM sodium succinate at room temperature for 10 min. Then, 2 lg/ml antimycin A, 2 lg/ml rotenone, 2mM KCN, and 50lM MITOCHONDRIAL DYSFUNCTION BY SERTRALINE DCPIP were added, and the baseline rate was recorded for 3 min. The reaction was started by the addition of 65lM decylubiquinone, and the enzymecatalyzed reduction of DCPIP was measured for 5 min at 30-s intervals.
Complex III (ubiquinol-ferricytochrome c oxidoreductase) activity was measured by the reduction of cytochrome c at 550 nm, with 540 nm as the reference wavelength (e ¼ 19mM À1 cm
). Mitochondria (20 lg of protein) were incubated with the 1 ml reaction mixture of 50mM potassium phosphate buffer (pH 7.4), 5mM MgCl 2 , BSA (2.5 mg/ml), 2mM KCN, 50lM cytochrome c, 2 lg/ml rotenone, and 0.6mM dodecyl-b-D-maltoside at room temperature for 10 min. The reaction was initiated upon addition of 50lM decylubiquinone, and the increase in absorbance was measured for 1 min at 10-s intervals.
Complex IV (cytochrome c oxidase) activity was measured by following the oxidation of reduced cytochrome c at 550 nm, with 540 nm as the reference wavelength (e ¼ 19mM À1 cm À1 ). Mitochondria (20 lg of protein) was preincubated in 1 ml of 10mM Tris-HCl buffer (pH 7.4) containing 250mM sucrose and 1mM dodecyl-b-D-maltoside at room temperature for 10 min.
Reduced cytochrome c was added to 20lM in 50mM Tris-HCl (pH 7.4) containing 600mM KCl, and the stability of the absorbance was checked for 1 min. The reaction was begun by adding the preincubated mitochondria, and the decrease in absorbance was measured for 1 min at 10-s intervals.
Complex V (ATPase) activity was determined by following the reduction of NADH with LDH and pyruvate kinase as coupling enzymes. The reduction of NADH was monitored at 340 nm, with 425 nm as the reference wavelength (e ¼ 6.81mM
À1 cm À1 ) for 3 min at 20-s intervals. The reaction mixture (1 ml) of 50mM Tris-HCl (pH 7.4), 300mM sucrose, 5mM MgCl 2 , 0.2mM NADH, 4mM ATP, 0.6mM phosphoenolpyruvate, 1 unit of LDH, 1 unit of pyruvate kinase, 2mM KCN, 2 lg/ml antimycin A, and BSA (2.5 mg/ml) was incubated at room temperature for 15 min. Mitochondria (25 lg of protein) were added, and the reaction was followed for 3 min with and without 2lM oligomycin. The oligomycin-sensitive activity was the complex V activity.
Induction of the mitochondrial permeability transition. The mitochondrial permeability transition (MPT) was determined by measuring mitochondrial swelling, which was measured spectrophotometrically. The liver mitochondrial preparation (1.0 mg/ml) was incubated with sertraline (37.5, 50, 75, and 100lM) in a reaction buffer containing 210mM mannitol, 70mM sucrose, 2lM rotenone, and 5mM HEPES, pH 7.4 at 30°C in the presence of 20lM CaCl 2 . In order to determine the effect of MPT inhibitors, liver mitochondrial preparations were preincubated with BA (10lM) or cyclosporine A (1lM) for 2 min before addition of sertraline. Mitochondrial swelling was measured spectrophotometrically using a Synergy 2 Multi-Mode Microplate Reader (BioTek) by monitoring the decrease in absorbance at 540 nm for a period of 20 min.
Assay of adenine nucleotide translocator activity. After exposure of mitochondria to various experimental conditions, adenine nucleotide translocator (ANT) activities were evaluated according to Atlante et al. (2006) . Briefly, mitochondria (1 mg protein/ml) were suspended at 25°C in 1 ml of a standard reaction buffer (200mM sucrose, 75mM KCl, 20mM HEPES-Tris pH 7.2, 1mM MgCl 2 , 1mM Pi-Tris) in the presence of an ATP detection system (2.5mM glucose, 0.5 E.U. hexokinase, 0.5 E.U. glucose-6-phosphate dehydrogenase, and 200lM NADP þ ). Externally added ADP started an ADP exchange with intramitochondrial ATP through ANT. NADPH formation (e 340 nm ¼ 6.2mM
), which is proportional to ATP efflux, was monitored continuously for 5 min by spectrophotometry at 340 nm. The rate of absorbance increase was used to calculate the amount of exchanged ADP (nmol min À1 mg protein
). Control experiments were carried out in the presence of atractyloside (ATR), a substrate of ANT, to ensure that the ADP/ATP exchange was mediated by the ADP/ATP carrier (Atlante et al., 2003; Rossignol et al., 2000; Wanders et al., 1984) .
Statistical analysis. Data are presented as mean ± SD of at least three independent experiments (n ! 3). Analyses were performed using GraphPad Prism 5 (La Jolla, CA). Statistical significance was determined by one-way ANOVA followed by the Dunnett's tests for pairwise comparisons or two-way ANOVA followed by the Bonferroni's posttest. The difference was considered statistically significant when the p < 0.05.
RESULTS

Sertraline Causes the Cellular Damage in Primary Rat
Hepatocytes Sertraline-induced cytotoxicity to rat primary hepatocytes was assessed by LDH release at the time points of 0.5, 2, 6, and 24 h. As shown in Figure 1 (lines) , there was no significant LDH release observed for all concentrations tested for 0.5 h treatment compared with the DMSO control. Significant cytotoxic effect began to be seen with 50lM sertraline treatment at 2 h; about 55% of LDH was released into the culture medium with 50lM treatment, whereas only 24% of LDH was released with the control. At 6 and 24 h, sertraline caused profound cell damage, starting at 37.5lM with LDH release of about 77 and 100%, respectively. Our data show that sertraline at 37.5lM and higher caused extensive cell death as measured by LDH release.
Sertraline Depletes Cellular ATP Content in Rat Primary
Hepatocytes LDH release assesses the permeability of cell membrane and is an indication of necrotic cell death; other functional parameters are useful for exploring the possible mechanisms of cytotoxicity. We therefore measured cellular ATP levels to determine if sertraline disrupted cellular energy metabolism. For this purpose, rat primary hepatocytes were treated with sertraline at various concentrations from 12.5 to 100lM, and the cellular ATP level was measured. As indicated in Figure 1 (bars), sertraline began to decrease ATP levels at as early as 0.5 h, a time point at which no cell death was observed as measured by LDH release. At the concentration of 37.5lM, approximately 37, 64, and 90% of ATP was depleted at 0.5, 2, and 6 h, respectively. Nearly complete ATP depletion was observed at 0.5 h for sertraline at a concentration of 100lM, whereas no obvious cell death was detected by LDH release at this early time.
Sertraline Uncouples Oxidative Phosphorylation in Isolated
Liver Mitochondria The rapid ATP depletion caused by sertraline may imply mitochondrial impairment because mitochondria are the ''powerhouses'' of the cells. Accordingly, we performed a set of mitochondrial function-related assays to evaluate whether or not sertraline has an effect on liver mitochondria. We first assessed the effect of sertraline on mitochondrial oxygen consumption both with complex I substrate glutamate/malate and with complex II substrate succinate (Fig. 2) . The results are tabulated in Table 1 . The values of the RCR of control samples were 5.6 ± 0.4 for glutamate/malate and 3.6 ± 1.5 for succinate, indicating good mitochondrial preparations.
When mitochondria were energized by complex I substrates, 25lM sertraline inhibited state 3 respiration and stimulated state 4 respiration with an RCR of 3.0 ± 0.3. Higher concentrations of sertraline dramatically decreased RCR (1.1 ± 0.3 for 75lM and 1.0 ± 0.0 for 100lM compared with 5.6 ± 584 0.4 for control). The ADP/O ratio was not affected for complex I substrate except for the higher concentrations of 75 and 100lM. When mitochondria were energized with complex II substrate, unlike by complex I substrate energizing, state 3 respiration was not inhibited. However, state 4 respiration was again stimulated by sertraline and the ADP/O ratio decreased in a concentration-dependent manner ( Fig. 2 
Sertraline Inhibits the Activities of Complexes I and V in Isolated Liver Mitochondria
The perturbation of the activity for each individual mitochondrial complex (I-V) was further investigated. In isolated mitochondria, sertraline displayed concentration-dependent FIG. 1. Effects of sertraline on cellular ATP level (bars) and cell death (lines) in rat primary hepatocytes. Rat primary hepatocytes were treated with DMSO as vehicle control and sertraline at the concentrations of 0-100lM for 0.5, 2, 6, and 24 h. Cellular ATP content and LDH release were measured as described in the Materials and Methods section. #p < 0.01 and ##p < 0.001 represent LDH release is significantly different from the control for each time point; **p < 0.001 represents ATP depletion is significantly different from the control for each time point. Data are represented as mean ± SD from at least three independent experiments.
FIG. 2.
Representative recording of the effect of sertraline on mitochondrial oxygen consumption in isolated liver mitochondria. The assessment of oxygen consumption was conducted as described in the Materials and Methods section. Mitochondrial respiration was initiated by adding complex I substrate 5mM glutamate/ malate (A) and by complex II substrate 5mM succinate (B). ADP (100lM) was used to start the state 3 respiration. Sertraline (0-100lM) were incubated with mitochondria (1.0 mg/ml) for 3 min before the reaction. Red: DMSO, purple: 25lM sertraline, blue: 50lM sertraline, green: 75lM sertraline, and black: 100lM sertraline.
MITOCHONDRIAL DYSFUNCTION BY SERTRALINE inhibitory effects on complexes I and V with IC 50 s of 88.6 and 69.0lM, respectively (Fig. 3A) . Although a slight inhibitory effect on complex III at 100lM was observed, it was not statistically significant compared with control (Fig. 3B) . The activity of complex II or IV was not affected even by 100lM sertraline, the highest concentration tested in our study (Fig. 3B) .
Sertraline Induces the MPT in Isolated Liver Mitochondria
The MPT, characterized by a progressive permeabilization of the inner mitochondrial membrane, leads to the disruption of the mitochondrial membranes, causes mitochondrial swelling, and ultimately triggers to cell death. The MPT is normally determined by examining calcium-dependent mitochondrial swelling, as indicated by the rate of change in absorbance at 540 nm. As Figure 4A shown, sertraline elicited a concentration-dependent mitochondrial swelling from 37.5 to 100lM in the presence of 20lM Ca 2þ , shown by the reduction in the absorbance of 540 nm. When the concentration was 37.5lM, sertraline caused no significant induction of MPT.
Sertraline Inhibits ANT Activity in Isolated Liver Mitochondria
It is known that the induction of MPT results from the opening of the MPT pore (MPTP), a protein pore consisting of numerous components. ANT, also as known as ADP/ATP antiporter (imports ADP to the matrix and exports ATP to the cytosol) which is located in the mitochondrial inner membrane, is a critical structural component of the pore (Crompton, 1999) . The activity of ANT can be monitored spectrophotometrically by measuring the formation of NADPH because NADPH formation in the extramitochondrial phase is proportional to ATP efflux. Two ANT regulators have been used to study MPTP. BA, a specific inhibitor of ANT (Klingenberg and Buchholz, 1973) , suppresses the opening of the MPTP, whereas an agonist of ANT, atractyloside (ATR), opens the 13.6 ± 1.2 5.6 ± 0.4 3.0 ± 0.6 87.0 ± 2.7 24.2 ± 0.6 3.6 ± 1.5 2.1 ± 0.5 25 71.4 ± 1.7* 23.8 ± 1.0*** 3.0 ± 0.3 3.2 ± 0.7 88.3 ± 2.8 42.0 ± 2.1*** 2.1 ± 0.8 1.5 ± 0.4 50 51.5 ± 1.1*** 23.4 ± 0.9*** 2.2 ± 0.3 2.7 ± 0.8 90.0 ± 3.4 47.4 ± 4.0*** 1.9 ± 0.5 1.1 ± 0.2 75 27.6 ± 1.3*** 25.1 ± 2.1*** 1.1 ± 0.3 * n.m. 90.4 ± 0.8 56.5 ± 2.4*** 1.6 ± 0.6 0.9 ± 0.1 100 24.5 ± 0.1*** 24.2 ± 0.4*** 1.0 ± 0.0 * n.m. 82.9 ± 4.8 55.3 ± 7.5*** 1.5 ± 0.5 0.8 ± 0.2
Note. Respiration of state 3 and state 4 were expressed as absolute values of nanomole of oxygen atoms consumed per minutes per mg protein. RCR (respiratory control ratio) was calculated as the ratio between state 3 and state 4 respirations. The ADP/O was calculated as the number of nanomoles of ADP phosphorylated per nanomole of oxygen atoms consumed during ADP phosphorylation. All the values are presented as absolute mean values ± SD of at least three independent experiments. n.m. not measurable.
*p < 0.05 and ***p < 0.001 compared with control.
FIG. 3.
Effects of sertraline on mitochondrial electron transport complex activity in isolated liver mitochondria. Activities of complexes I-V were assessed by spectrophotometric assay described in the Materials and Methods section. (A) Inhibitory effects of sertraline (0-100lM) on complex I and complex V. Concentrations of 50% inhibitory effects on complexes I and V are 88.6 and 69.0lM. (B) Effects of sertraline (0-100lM) on complexes II, III, and IV. Data are presented as % of control. The values are the means ± SD collected from at least three mitochondrial preparations. *p < 0.05, **p < 0.01, and ***p < 0.001, significantly different from the control.
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MPTP (Imai et al., 2003) . In our study, we used atractyloside as a positive control to ensure that the assay system worked. Figure 5 shows that the MPTP opener atractyloside significantly decreases the activity of ANT. Under the same experimental conditions, sertraline similarly inhibits ANT activity, in a concentration-dependent manner. At the highest concentration (100lM) used in the study, ANT inhibition was approximately 40% (Fig. 5) .
BA but Not Cyclosporine A Protects Liver Injury in Both
Isolated Mitochondria and Primary Hepatocytes Besides ANT, cyclophilin D (CyPD), located in mitochondrial matrix, is another component important in assembling the MPTP (Connern and Halestrap, 1994) . Cyclosporine A (CsA), a pseudosubstrate of CyPD (Lin and Lechleiter, 2002) , keeps CyPD from interacting with MPTP then acts as an MPT inhibitor (Broekemeier et al., 1989) . To explore further mechanisms of sertraline-associated mitochondrial toxicity and identify the target of MPTP, MTP inhibitors were used to look for protective effects against sertraline-associated mitochondrial inhibition. BA and cyclosporine A, two MPT inhibitors with different targets, as discussed above, were used in the current study. In isolated mitochondria, BA attenuated the mitochondrial swelling caused by 100lM sertraline (Fig.  4B ). In contrast, cyclosporine A did not prevent sertralineinduced MPT (Fig. 4B) . These results demonstrated that sertraline may target ANT primarily rather than CyPD for the opening of MPTP and consequently induce MPT. In rat primary hepatocytes, when coculturing sertraline for 24 h with BA or cyclosporine A, BA prevented ATP depletion (Figs. 6A and 6B) and LDH release (Figs. 6C and 6D ), whereas cyclosporine A poorly prevented either ATP depletion or LDH release. 
FIG. 5.
Effect of sertraline on ANT activity in isolated liver mitochondria. ANT activity was measured by ADP-induced ADP/ATP exchange. The results represented as percent of control. Sertraline of 0-100lM were analyzed in this assay. Atractyloside (ATR, 1lM) was used as positive control. *p < 0.05 and ***p < 0.001, significantly different from the control. Data are represented as mean ± SD from at least three independent experiments.
MITOCHONDRIAL DYSFUNCTION BY SERTRALINE
DISCUSSION
Drug-induced liver injury (DILI) is a frequent cause for the failure of a drug to get approved or for the withdrawal of many drugs from the market post-FDA approval. Although drugs can cause hepatotoxicity through different mechanisms (Lee, 2003) , a growing body of literature reports that mitochondria is a primary or secondary drug target and that the impairment of mitochondria is one of the major contributors to DILI Scatena et al., 2007) . The mechanisms of drug-induced mitochondrial dysfunction include uncoupling of electron transport from ATP synthesis, inhibition of mitochondrial complexes, opening of the MPT pore, and inhibition of mitochondrial DNA polymerase Scatena et al., 2007) . For instance, troglitazone, approved by the FDA to treat type 2 diabetes, was withdrawn from the market after reports of severe liver failure (Guo et al., 2006b; Watkins and Whitcomb, 1998) . Subsequent in vitro and in vivo studies demonstrated that troglitazone induced MPT, uncoupled oxidative phosphorylation, and inhibited the activities of complexes (Masubuchi et al., 2006; Ong et al., 2007; Tirmenstein et al., 2002) . The reason for withdrawing nefazodone, an antidepressant agent, in the United States in 2004 was also liver failure. The malfunction of mitochondria in nefazodone-induced hepatotoxicity was attributed to the inhibition of mitochondrial respiratory complexes I and IV activity and depolarization of the mitochondrial membrane (Dykens et al., 2008) .
In the present study, we examined liver toxicity induced by sertraline, an SSRI antidepressant, and investigated the possible underlying mechanisms, focusing on mitochondrial dysfunction. We initially measured cellular ATP content of hepatocytes, and ATP depletion by sertraline was clearly observed in a time-and concentration-dependent manner (Fig. 1) . ATP depletion occurred within 0.5 h, whereas other toxicity parameters such as LDH release (Fig. 1) were not altered. ATP depletion is an early event of mitochondrial dysfunction. With prolonged or worsening ATP depletion, irreversible mitochondrial damage and necrotic cell death occur (Kristensen, 1989 ). Because we observed ATP depletion in our initial experiment, we conducted more experiments to investigate the role of mitochondrial dysfunction.
The mitochondrial inner membrane permeability transition (MPT) is one of main changes in mitochondria that leads to cell death (Al-Nasser and Crompton, 1986; Hunter and Haworth, 1979) . The MPT is a transition in the permeability of the inner membrane that results from the MPT pore opening when extracellular calcium (Ca 2þ ) or other stimuli presents . The MPT pore is a protein pore formed by structural molecules such as voltage-dependent anion channel, ANT, and cyclophilin D (CyPD) (Tsujimoto et al., 2006) . 
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Changes of the MPT pore cause mitochondrial swelling and uncoupling of oxidative phosphorylation, leading to interrupted ATP generation and further inducing cytotoxicity (Kroemer et al., 2007) . Because we found that sertraline induced concentration-dependent MPT (with mitochondrial swelling as the indicator) (Fig. 4A ), we were interested in identifying the target responsible for MPT induction and used two common MPT blockers (BA and cyclosporine A) targeting different components of MPT pore. Mitochondrial swelling was prevented by the ANT inhibitor BA but not by the CyPD inhibitor cyclosporine A (Fig. 4B) , implying that ANT maybe the primary target for MPT induction. Moreover, in rat primary hepatocytes, BA attenuated both ATP depletion and LDH release caused by sertraline, whereas cyclosporine A had little effect (Fig. 6) , indicating further that MPT induction through the interaction with ANT is the most likely mechanism of action in sertraline-associated liver toxicity.
Multiple mechanisms and targets are often reported to be involved in drug-or xenobiotic-associated mitochondrial impairment (Labbe et al., 2008) . In our study, we found that sertraline inhibited the activities of complexes I and V with IC 50 s of 88.6 and 69lM, respectively, indicating that the inhibitory potency is greater for complex V than that for complex I (Fig. 3) . In intact mitochondria, proton gradient was transferred from complex I to complex IV and generates ATP through complex V (ATP synthase). During the process of ATP synthesis, ANT, as the transporter protein, is important for transmembrane change between ATP produced via oxidative phosphorylation and cytosolic ADP (Fiore et al., 1998) . It is interesting that in our study, sertraline inhibited both complex V and ANT, suggesting that inhibition of mitochondrial respiratory complex and induction of MPT via ANT inhibition are two possible mechanisms for the decrease in energy status observed in rat primary hepatocytes. In our oxygen consumption study (Fig. 2) , it is clear that irrespective of the substrate used (glutamate/malate for complex I or succinate for complex II), state 4 respiration was stimulated, which characterized sertraline as an uncoupler of mitochondrial oxidative phosphorylation (Masubuchi et al., 1999) .
Clinically, single oral doses of 400 mg sertraline administered to healthy volunteers gave maximum plasma concentrations of 253.20 ± 112.29 ng/ml (~0.74lM) (Saletu et al., 1986) , and plasma concentrations were higher in young females and in elderly patients of both sexes (Warrington, 1991) . Thus, concentrations of sertraline used in our study were higher than clinical concentrations. It is known that many variables, such as genetic variability, race, sex, age, metabolic capacity, drug-drug interactions, and preexisting diseases, contribute to individual susceptibility and toxicity of idiosyncratic drugs (Lee, 2003) . It has been suggested that to identify an idiosyncratic hepatotoxic drug, it should be tested at an in vitro dose that is 100-fold of the Cmax value reported in humans . Since the toxic concentration of sertraline in our study started at 37.5lM, which is close to 100 times of reported Cmax of sertraline (~74lM), the concentrations used in our study were meaningful.
In our study, the mitochondria impairments induced by sertraline have been observed which supported by a battery of assays, we further performed previously established glucose/ galactose assay to examine if there is any different toxic effects between two cell culture conditions. As shown in Supplementary figure 2, our preliminary result indicated that sertraline caused similar toxicity in galactosegrown HepG2 cells and glucose-grown HepG2 cells, which illuminated that mitochondrial impairment may not be sole but one of the important contributors to sertraline-induced hepatotoxicity.
It should be noted that this work was designed to elucidate the previously unknown mechanism of sertraline-associated liver toxicity; it is important to identify the risk factors that contribute to individual susceptibility. In future studies, we plan to investigate the effect of altered drug metabolic ability on sertraline-induced liver toxicity because (1) there are interindividual differences in the expression of drug metabolizing enzymes, affecting drug clearance and toxicity (Guo et al., 2011) ; (2) it is likely that other drugs or dietary supplements will be taken with sertraline, possibly, leading to potential drug-drug interactions due to the modulation of drug metabolizing enzymes; and (3) in an attempt to study sertraline metabolite-associated toxicity, we found that sertraline-associated toxicity assessed by ATP depletion and LDH release were enhanced by SKF 525-A, a general inhibitor of CYP 450, indicating that the parent form of sertraline is more toxic than its metabolites. Therefore, it is reasonable to suspect that any defects in CYP 450 include CYP2D6, 2C9, 2B6, 2C19, and 3A4 involving in sertraline metabolism will enhance its parent drug toxicity. Although the contributions of the individual CYP 450s need to be detailed, CYP2C19 will be a first candidate to be studied because in a pharmacokinetics study it was reported that poor CYP2C19 metabolizers had a higher level of sertraline than normal metabolizers (Wang et al., 2001) .
In conclusion, our study, using an in vitro model, showed that sertraline caused mitochondrial dysfunction. Although sertraline is considered relatively safe, it should be noted that the use of sertraline may be not without risk. 
